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I. Basis of the r p rt 

1 . This report has been drawn on the basis of (substitute sheets which have been furnished to the receiving Office in 
response to an invitation under Article 14 are referred to in this report as "originally filed" and are not annexed to 
the report since they do not contain amendments (Rules 70. 16 and 70. 1 7).): 
Description, pages: 

1 -45 as originally filed 

Claims, No.: 

1-19 as received on 05/01/2001 with letter of 1 3/1 2/1 999 

Drawings, No.: 

1-10 as originally filed 



2. With regard to the language, all the elements marked above were available or furnished to this Authority in the 
language in which the international application was filed, unless otherwise indicated under this item. 

These elements were available or furnished to this Authority in the following language: , which is: 

□ the language of a translation furnished for the purposes of the international search (under Rule 23.1 (b)). 

□ the language of publication of the international application (under Rule 48.3(b)). 

□ the language of a translation furnished for the purposes of international preliminary examination (under Rule 
55.2 and/or 55.3). 

3. With regard to any nucleotide and/or amino acid sequence disclosed in the intemational application, the 
international preliminary examination was carried out on the basis of the sequence listing: 

n contained in the international application in written form. 

□ filed together with the intemational application in computer readable form. 

□ furnished subsequently to this Authority in written form. 

□ furnished subsequently to this Authority in computer readable form. 

□ The statement that the subsequently furnished written sequence listing does not go beyond the disclosure in 
the international application as filed has been furnished. 

□ The statement that the information recorded in computer readable form is identical to the written sequence 
listing has been furnished. 

4. The amendments have resulted in the cancellation of: 

□ the description, pages: 

□ the claims, Nos.: 
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□ the drawings, sheets: 

5. □ This report has been established as if (some of) the amendments had not been made, since they have been 
considered to go beyond the disclosure as filed (Rule 70.2(c)): 

(Any replacement sheet containing such amendments must be referred to under item 1 and annexed to this 
report.) 



6. Additional observations, if necessary: 



V. Reasoned statement under Article 35(2) with regard to novelty, inventive step or industrial applicability; 
citations and explanations supporting such statement 

1. Statement 

Novelty (N) Yes: Claims 5-13,18 

No: Claims 1-4,4-17,19 

Inventive step (IS) Yes: Claims 

No: Claims 1-19 

Industrial applicability (I A) Yes: Claims 1-19 

No: Claims 



2. Citations and explanations 
see separate sheet 



VII. Certain defects in the international application 

The following defects in the form or contents of the intemational application have been noted: 
see separate sheet 



VIII. Certain observations on the international application 

The following observations on the clarity of the claims, description, and drawings or on the question whether the 
claims are fully supported by the description, are made: 
see separate sheet 
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In view of the unclarities mentioned below (section VIII.) and as unclear feature 
cannot be used to distinguish claimed subject-matter from the prior art, the 
subject-matter of claims 1-4,14-17 and 19 must be considered to lack novelty in 
view of 

D2a: JP 10 128106 A (TOSOH CORP), 19 May 1998 (1998-05-19) 
D2: DATABASE WPI Section Ch, Week 199830 Denwent Publications Ltd., 

London, GB; Class E36, AN 1998-341398 XP0021 33401 
D2b: Patent Abstracts of Japan of D2a 
D2c: Computer translation of D2a 

D2a discloses an adsorbent for the separation of oxygen by pressure swing 
adsorption, selectively adsorbing nitrogen from air. The adsorbent comprises a 
zeolite X exchanged with 80 to 88% lithium and 1 to 5% Cs, Rb, K, Tl or Ag. The 
Japanese application document D2a (a computer translation of D2a (D2c) is 
annexed to this report) discloses on page 6 in the tables 1 and 2 lithium, silver 
exchanged zeolite X, having a silver cation content of 2 and 3 %. The adsorbents 
of D2a are prepared by a similiar process as claimed in claim 16 (See D2c, page 
3, [0055] - [0059]. Therefore, it appears implicit that the adsorbent of D2a has the 
same properties as the claimed one (See PCT International Preliminary 
Examination Guidelines Chapter IV.-7.5). For these reasons D2a is considered to 
anticipate the subject-matter of claims 1-4, 14-17,19. 

2. US-A-5 417 957 (D1) discloses an adsorbent for separating nitrogen from gas 
mixtures containing nitrogen and less strongly adsorbed components such as 
oxygen, argon etc. (abstract). The adsorbent comprises zeolithe X or LSX with 
between 70%-90% lithium and 5 to 95%, preferably 10%-30% of a second ion. 
The second ion can be copper, (claims 1 ,4- 7). The zeolite can be exchanged 
sequentially, i.e. firstly exchanging with lithium and then exchanging with the 
second ion (column 4, lines 22-30). Before use in gas separation the adsorbents 
is heat treated in a flow of a non-reactive purge gas at between 300 and SSO^'C. 
(column 5, lines 35-47). 
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D1 does not disclose copper in a +1 valence state or a partially metallic copper, 
therefore, the subject- matter of claims 8-13 and 18 is novel over D1 . 

The subject-matter of claims 5-6 is novel over D2a, because D2a does not 
disclose an absorbent having less sodium than silver. 

3. The subject-matter of claims 5-13 and 18 does not Involve an inventive step. 

No effect has been demonstrated with respect to valence state of copper or silver 
in the adsorbent. As long as no technical effect has been related and convincingly 
demonstrated to this difference, it must be considered as lacking an inventive 
step. 

Further, it is not recognizable which effect is obtainable if the amount of sodium is 
less than silver. In absence of an effect which is related to the surplus of silver to 
sodium, no inventive step can be acknowledged therefor. 

VIL 

1 . The units "atmospheres", "cal" employed throughout the description are not 
additionallv expressed in terms of the units stipulated by Rule 10.1 (a) PCT. 

2. "Incorporation by reference" as made in the description, page 6,31 is not 
acceptable. If matter in a document referred to is essential to the disclosure of the 
application, it has to be incorporated into the description, if a document referred to 
is not essential to the disclosure of the application, then such incorporation by 
reference shall be deleted, because the description shall be self-contained, i.e., 
capable of being understood without reference to any other document (see PCT 
Guidelines 11.4.17). 

3. The description has not been brought in conformity with the claims as required by 
Rule 5.1(a)(iii) PCT. 

The relevant background art disclosed in the documents D1 and D2 has not been 
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be mentioned in the description (Rule 5.1(a)(ii) PCX). 

VIII. 

1 . The term "in the form of dispersed clusters" is regarded as not sufficiently clear in 
order to distinguish the claimed subject-matter from the prior art. 

It is not clear from the description how to exactly determine the presence of silver 
or copper clusters in lithium zeolite X, thus the skilled person has not been 
enabled to determine when a silver or copper containing zeolite comprises silver 
or copper clusters. 

2. Independent claims stipulate that the amount of M^"" shall be up to 1 0 % of the 
cation sites. As the number of cation sites per unit cell in X zeolites is 96, the 
atomic units stipulated in dependent claims 3-4, 6 and 13.of 10 or more are 
outside the 10% upper limit of the independent claims. This inconsistency 
between the independent and the dependent claims renders the scope of 
protection unclear, and is thus not acceptable under Article 6 PCT. 

3. The term "about" used in claims 1,6,13,14, 16 and 17 renders the corresponding 
ranges vague and unclear and leaves the reader in doubt as to the extent of 
protection, contrary to the clarity requirement of Article 6 PCT (see PCT 
Preliminary Examination Guidelines, Chapter III, 4.5a). 
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1- A composition comprising lithium (Li) and 
metal (M) cation exchanged zeolite where said cation 
exchanged zeolite is selected from the group consisting 
of Li^MyX zeolite, Li^M^LSX zeolite and where said metal 
{M)is silver or copper and is in the form of dispersed 
clusters, x is greater than y, the sum of x + y is less 
than or equal to the number of cation sites of said 
zeolite, and y is greater than zero. 

2. The composition of claim 1 wherein M is 
silver presented in an atomic amount corresponding to up 
to about 20% of the cation sites. 

3. The composition of claim 1 wherein M is 
silver presented in an atomic amount corresponding to up 
to about 10% of the cation sites. 

4. The composition of claim 1 wherein the 
total number of said cation sites is 96, and Y is up to 
20. 

5. The composition of claim 1 wherein the 
total number of said cation sites is 96 and Y is up to 
10. 

6. The composition of claim 1 which is cation 
exchanged sodium zeolite where sodium is present in an 
atomic amount less than said silver. 



7. The composition of claim 6 wherein the 
total number of cation sites is 96, lithium is present in 
an atomic amount greater than 70 and less than 96 atomic 
units, silver is present in an atomic amount greater than 
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0 and up to about 20 atomic units, and sodium is present 
in an atomic amount less than silver . 

8 • The composition of claim 1 wherein said 
clusters consist of partially metallic silver* 

9. The composition of claim 8 wherein said 
clusters consist of n atoms of metal (M) collectively 
having a charge represented by the value n-1. 

10. The composition of claim 9 wherein said 
clusters consist of 3 atoms of metal (M) collectively 
having a +2 charge, or 6 atoms of metal (M) collectively 
having a +5 charge . 

11. The composition of claim 1 wherein said 
clusters consist of one selected from the group 
consisting of partially metallic copper and partially 
metallic silver . 

12 . The composition of claim 1 wherein M is 
copper present in atomic amount corresponding to up to 
about 20% of the cation sites. 

13. The composition of claim 1 wherein M is 
copper present in an atomic amount corresponding to up to 
about 10% of the cation sites. 

14. The composition of claim 1 which is cation 
exchanged sodium zeolite where sodium is present in an 
atomic amount less than said copper. 



15. The composition of claim 14 wherein the 
total number of cation sites is 96, lithium is present in 
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an atomic amount greater than 70 and less than 96 atomic 
units, copper is present in an atomic amount greater than 
0 and up to about 20 atomic units, and sodium is present 
in an atomic amount less than copper. 

16. A process for selectively adsorbing 
nitrogen from a gas mixture thereof which comprises 
contacting said gas mixture with an adsorbent which 
comprises lithium (Li) and metal (M) cation exchanged 
zeolite where said zeolite is selected from the group 
consisting of Li^My X zeolite and Li^My LSX zeolite, and 
where said metal (M) is silver or copper and is in the 
form of dispersed clusters, x is greater than y, the sum 
of x+y is less than or equal to the cation sites of said 
zeolite, and y is greater than 0. 

17. The process of claim 16 wherein said 
zeolite is a lithium and silver exchanged sodium zeolite, 
said method further comprising contacting said gaseous 
mixture with said zeolite at a selected temperature and 
pressure, thereby producing a non-adsorbed component and 
a nitrogen-rich adsorbed component; and changing at least 
one of said pressure and temperature to thereby release 
said nitrogen-rich component from said adsorbent. 

18. A process for preparing a composition 
comprising lithium and metal (M) cation exchanged zeolite 
where M is in the form of dispersed clusters associated 
with a plurality of said cation exchanged sites, said 
method comprising the steps of: 

a. providing a sodium zeolite selected from 
the group consisting of Na-X zeolite and Na-LSX zeolite; 

b. exchanging a plurality of Na^'' ions with 

Li^* ions; 
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c- exchanging a portion of said Li^* ions with 

M^* ions; 

d. heat treating the M^'*' exchanged zeolite of 
step (c) at a temperature of greater than about 400 
degrees centigrade in a non-oxidizing atmosphere to 
reduce a portion of said. M^"" ions to M^, thereby forming 
said dispersed clusters, 

19. The process of claim 18 wherein in step 

(c) M^"" is Ag^*, and step (d) is conducted at a 
temperature in a range of about 450*^ to about 500*^C. 

20. The process of claim 18 wherein M^"^ is Cu*^ 
and step (c) is conducted by first exchanging Li^"^ ions 
with Cu^"" ions and then reducing said Cu^"" ions to Cu^"^ 
ions . 

21. The process of claim 18 wherein in step 

(d) the non-oxidizing atmosphere is an inert atmosphere, 
reducing atmosphere, or a vacuum. 
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LXTHXUM-BASED ZEOLITES CONTAINING SILVER AND 
COPPER A^ tTgg THEREOF FO^ fiizT.Tgi-p kviA ADSORPTION 



Field of the Inven^on 

5 This invention relates to a process and 

adsorbents for selective adsorption of a gas component, 
and particularly, selective adsorption of nitrogen. 

Backoround of "the Invention 

The separation of air for the production of 
10 nitrogen and oxygen is a very important operation in the 
chemical processing industry. Historically, this 
separation has been done predominately by cryogenic 
distillation; though, as adsorption systems have become 
more efficient and new, more effective sorbents have been 
15 synthesized, separation by adsorption processes (e.g., 
pressure swing adsorption (PSA) , and vacuum swing 
adsorption (VSA) ) have become increasingly competitive 
and are already favorable for small-to-medium scale 
operations- Currently, approximately 20% of air 
20 separations are accomplished using adsorption 
technologies . 

Since their introduction in the late 1950 '^s, 
synthetic zeolites have been used in numerous 
applications such as catalysis, ion exchange, drying, and 
25 separation by selective adsorption. In the separation of 
air, zeolites of type A and X have typically been used. 
(See U.S. Patent No. 5,551,257, Jain). The A and X type 
zeolites are composed of silica and alumina tetrahedra 
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which are joined together to form the truncated 
octahedral or sodalite structure. These sodalite units 
are connected with tertiary units to form the structured 
zeolite unit cell. While the SiOj groups are 
elect roneutral, the AlOj groups are not, and thus 
introduce a negative charge to the structure which is 
offset by the presence of a charge coii?)ensating, non- 
framework cation (e.g., Na\ Li*, Ca^*) . Type X zeolites 
contain between 77 and 96 Al per unit cell. The unit 
cell, including cation sites, for the X zeolite is shown 
in Figure 1. 



The extra-framework cations in the zeolite are 
largely responsible for the nitrogen selectivity of these 
materials. These zeolites adsorb nitrogen preferentially 
15 to oxygen (usually at a ratio of about 4:1) due primarily 
to the interactions between the charge compensating 
cations of the zeolite and the quadruple moment of the 
adsorbing gas (N^ or O^) . The quadruple moment of is 
approximately four times that of Oj. Because the extra- 
20 framework cations so significantly influence the 

adsorption properties of the zeolites, numerous attempts 
have been made to optimize these properties by (1) 
increasing the number of cation sites (the cation 
exchange capacity, CEC) by creating zeolites with high 
25 aluminum content, and (2) by synthesizing zeolites 
containing various alkaline, alkaline earth, and 
combinations of these cations. 

Low silica X-type zeolite (LSX) is known. This 
material is an aluminum saturated X-type zeolite with a 
30 silica-to-alumina ratio of 2.0 (or Si/Al = 1.0). 

commercial X-zeolite, which is typically available as the 
Na* form (known commercially as 13X) , is not aluminum 
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saturated and contains 86 alundnum atoms per unit cell, 
while the low silica X zeolite contains 96 aluminum atoms- 
per unit cell* 

Li* is among the strongest cations, with 
5 respect to its interaction with Nj, its use was greatly 
increased with two recent advances. First, it was found 
that Li* ion-exchange in X-type zeolite must exceed an 
approximate 70% threshold before the Li* has any affect 
on the adsorption properties of the material (U.S. Patent 

10 No. 4,859,217, Chao) . Second, a significant increase in 
the N2 adsorption capacity was seen in Li* ion exchanged 
low silica X-type zeolites over that of the typical 
commercial zeolites (Si/Al = 1.25). Because of these 
advances, Li-X (Si/Al = 1.0) is now the best sorbent in 

15 industrial use for separation of air by adsorption 

processes (U.S. Patent No. 5,268,023, Kirner; U.S. Patent 
No. 5,554,208, Mullhaupt) . 

Sicar et al., U.S. Patent No. 4,557,736 and Coe 
et al., U.S. Patent No. 4,481,018 reported the use of a 

20 binary exchanged X-zeolite having lithium and calcium 

and/or lithium and strontium ions in a ratio of 5% to 50% 
calcium and/or strontium and 50% to 95% lithium. This 
zeolite provided for enhanced nitrogen adsorption over 
those of the Na-X, Li-X and Ca-X zeolites. They also 

25 reported the use of mixed ion-exchanged A and X zeolites 
with lithium and an alkaline earth metal (e.g., Ca^*, 
Sr^*) . In this case the zeolite contained lithium and 
the alkaline earth cations in a mixture of 10% to 70% 
alkaline earth and 30% to 90% lithium. These mixed 

30 cation zeolites provide good adsorption capacity and good 
thermal stability. However, the cost of separation still 
remains high. Therefore, there remains the need for 
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improved methods and adsorbents to effectively and 
economically separate nitrogen from a gaseous mixture. 



wo 00/40332 



PCTAJS99/296^ 



5 

Summary of the Inventixon 

The invention provides new methods for 
separating nitrogen from a mixture. The invention 
provides adsorbents specifically for accomplishing 
nitrogen separation. The adsorbents and separation 
methods are particularly useful for the selective 
adsorption of nitrogen from air. In one aspect, the 
adsorbent comprises an ion exchange zeolite X and 
preferably zeolite LSX (low silica zeolite X) . The 
zeolite is most preferably a lithium-based zeolite - 
Further, the zeolite has exchangeable cationic sites, 
with silver cation or copper cation occupying at least 
some of the exchangeable cationic sites. The presence of 
the silver cation or copper cation at any of the sites 
will provide an iirqprovement over the non-exchanged 
zeolite. Therefore, the minimum amount of silver cation 
or copper cation is greater than zero. The inclusion of 
silver cation and/or copper cation at the exchangeable 
cationic sites provides such an improvement in strength 
of adsorption of nitrogen, that any amount is helpful. 
However, consideration is given to the strength of such 
adsorbent capacity when optimizing the amount, in view of 
subsequent desorption. Since Ag* and Cu* strongly hold 
nitrogen, it is desirable that the cimount of such cation 
be up to about 20% of the exchangeable cationic sites. 
It is preferred that the silver or copper cation occupy 
about 10% of the exchangeable cationic sites. Such 
optimization leads to a good balance between strength of 
adsorption and facilitating subsequent desorption. 
Therefore, it is evident that not all of the ion 
exchangeable cationic sites of the zeolite will contain 
copper or silver and preferably less than half of such 
sites will be so exchanged. 
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Zeolites are known and have been used as 
adsorbents due to their selectivity. Crystalline zeolite 
Y, zeolite A, and zeolite X are examples and are 
described in U.S. Patent Nos. 3,130,007; 2,882,243; 
5 3,992,471;, and 2,882,244; each of which is incorporated 
by reference in its entirety. Type 5A zeolite, and type 
13X zeolite are described for nitrogen adsorption in U.S. 
Patent No. 5,551,257, also incorporated herein by 
reference in its entirety. Low silica X zeolite (LSX) 

10 having Si/Al ratio less than or equal to 1.25, desirably 
less than or equal to 1.2, and preferably about 1, is 
described in U.S. Patent No. 5,268,023. Each of the 
aforementioned patents is incorporated herein by 
reference in its entirety. Consistent with the features 

15 described in these patents, zeolite characteristics are 
also described in the reference book entitled "Gas 
Separation by Adsorption Processes" by R-T. Yang {1987 
Butterworth Publishers) . To the extent that zeolite 
characteristics are pertinent to the present invention, 

20 they will be described further hereinbelow. 

In the practice of the invention, the important 
characteristic desired is imparted by the presence of 
silver and/or copper cation in a zeolite which has been 
previously exchanged to provide a lithixam X zeolite or a 

25 lithixim LSX zeolite. The desirable X zeolite has a 

silicon to aluminum ratio (Si/Al) of about 1 to about 
1.3. The more desirable lithium LSX has the preferred 
silicon to aluminxam ratio of 1.0. Therefore, the 
adsorbents of the invention are essentially silver or 

30 copper ion exchanged Li* zeolites. The presence of the 
silver cation or the presence of the copper cation in 
combination with the lithium cation provides the desired 
characteristic for improved nitrogen adsorption. 
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However,, the zeolite may also include minor amounts of 
other commonly found cations which occur in zeolite 
including, but not limited to besides lithium, potassium, 
sodiuim, rubidium, caesium, and mixtures thereof which are 
alkali metal cations; and alkaline earth metal cations 
beryllium, magnesivim, calcium, strontium, barium, and 
mixtures thereof. The presence of a trivalent cation is 
also possible, however, such is not preferred in order to 
provide availcible sites for occupancy by the preferred 
silver, copper, and lithium. 

In another aspect, the adsorbents of the 
invention are used in a method for separating nitrogen 
from a gaseous air mixture, by accomplishing adsorption 
at a first select pressure and temperature and then 
accomplishing release or desorption by changing at least 
one of the pressure and temperature. Preferential 
adsorption of nitrogen is preferably achieved by pressure 
swing adsorption. Conveniently, this may be carried out 
and is preferably carried out at about ambient room 
temperature conditions. Therefore, special tenperature 
treatment is not required. In the pressure swing 
process, the preferred range for adsorption is about 1 to 
about 10 atmospheres, and the preferred range for 
desorption is about 0.2 atmospheres to about 1 
atmosphere . 

In the process for preparing the zeolites of 
the invention, first lithium zeolites are prepared by ion 
exchange using lithiim chloride. Then these lithium-- 
zeolites were used to prepare Li^jAgy-zeolites and Li,CUy- 
zeolites. For convenience, these will be referred to as 
mixed cation zeolites containing lithium, and transition 
metal capable of a +1 valence state (targeted metal ion) . 
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The preparation of the Lij^Agy-zeolites is exemplary and 
is accomplished by ion exchange of a Li-zeolite, prepared 
as described earlier, with a solution of silver nitrate* 
The copper ion exchange is accomplished in a comparable 
manner. Ion exchange of zeolite is easily accomplished 
by mixing the zeolite in an aqueous solution of metal 
salt- The metal of the salt is the metal to be exchanged 
into the cationic site. The concentration of the 
solution is varied according to the desired level of ion 
exchange. The ion exchanged zeolite is then removed by 
filtration from the aqueous solution and washed free of 
the soluble salts. The Cu-zeolites of the invention are 
prepared by ion exchanging with a copper salt solution 
preferably copper chloride or copper nitrate, followed by 
reduction of any copper +2 to copper +1. 

After the incorporation of the targeted metal 
ion, the mixed cation material is dried at room 
temperature and atmospheric conditions. Dehydration in 
vacuo may follow later, and prior to use and/or analysis - 
Zeolites have a strong affinity for water; and some 
molecules are tenaciously held. The presence of water in 
the zeolite. affects measurement. In the process of the 
present invention, specific conditions for heat treatment 
are used beyond the treatment required for mere 
dehydration. In the present invention, specific heat 
treatment is used to optimize perforiaance of the mixed 
cation zeolite of the invention. The heat treatment, 
after ion exchange, of the mixed cation zeolite is above 
a minimum temperature of approximately 400**C. A 
temperature of 400**C or greater is required in order to 
form crystal clusters of silver and/or copper. The upper 
limit to the heat treat temperature is 700*C; and 
preferably is below 700**C, as this is determined to be 
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the point at which destruction of the zeolite itself 
occurs. The heat treatment is able to be accomplished in 
air, in vacuum, in inert atmosphere such as argon, 
nitrogen, or in reducing atmosphere. Desirably, the heat 
5 treatment is in a non-oxidizing atmosphere such as in 

vacuo^ in inert atmosphere, or reducing atmosphere. An 
air atmosphere is less desirable. The non-oxidizing 
atmosphere is selected to produce partially metallic 
clusters, and provide the cluster formation and character 
10 of the zeolite product described herein. Here inert 
means inert with respect to the metal ions, cluster 
formation and character of the zeolite. Thus, the 
atmosphere needs to be unreactive with the zeolite, and 
not interfere with formation of desired ion clusters. 
15 Treatment temperatures on the order of 20 to 30 minutes 

are thought to be a minimum. There is no real maximum to 
the duration of heat treatment time and such time has 
been extended to 5 hours without any difficulty. Typical 
heat treatment time varies from about 1 to about 4 hours; 
20 and more typically 1 to 2 hours. 

The preferred lithium content of the zeolite is 
such that, of the available cationic sites, 70% or more 
and preferably 80% or more of such sites contain lithium. 
It is preferred that the proportion of cationic sites 

25 occupied by the silver and/or copper be up to about 10%, 
although up to about 20% is workable as described 
earlier. Compositions as described hereinbelow were 
prepared and found to be operable for a variety of ranges 
including 0.5 to 5% of the cationic sites occupied by 

30 silver; over 88% of cationic sites occupied by lithium; 
and with other alkali and alkaline earth metals 
constituting the balance. The compositions contain the 
aforesaid metallic clusters where the metal (M) , copper 
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or silver, is desirably partially metallic. This is 
exemplified by clusters of n number of metal atoms 
collectively having a charge represented by n-1. This is 
expressed as M„«"-» where n is 2 or more, and examples are 
Aga^* and Ags^. 

The invention provides substantial advantages 
over conventional methods for separating nitrogen from an 
air mixture due to the effective and economical processes 
and adsorbents provided by the invention. 

Objects, features, and advantages of the 
invention include an improved method for separating 
nitrogen from a gaseous mixture, and particularly for 
separating nitrogen from air. Another object is to 
provide new adsorbents used in such new separation 
15 method. 

These and other objects, features, and 
advantages will become apparent from the following 
description of the preferred embodiment, claims, and 
accompanying drawings. 



10 
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Brief Descrlp'tion of the Drawings 

Figure 1 shows unit cell of f aujasite-type {X 
and Y) zeolites including cation sites. 

Fignre 2 shows adsorption isotherms for N2/ O2 
5 and Ar measured at 25°C for Lijg-X-l.O Si/Al zeolite 

dehydrated in v^acuo at 350°C. This nominal Ligg-X-l.O is 
Li<^4.5Nai.5-X-1.0, 

Figure 3 shows adsorption isotherms, 
measured at 25'*C for (a) nominal Li86X-l*25 Si/Al which is 
10 Li77Na9X-1.25 and (b) nominal Ligg-X-l.O Si/Al which is 

Li94.5Nai.5-X-1.0. Both materials were dehydrated in vacuo 
at 350*^0. 

Figure 4 shows adsorption isotherms measured at 
25°C for N2, O2 and Ar on nominal Aggg-X-l-O Si/Al zeolite 
15 which is Ag95.7Nao.3-X-l. 0 dehydrated in vacuo at 450^*0 . 

Figure 5 shows N2 adsorption isotherms^ 
measured at 25°C, for (a) nominal Ag86-X-1.25 Si/Al which 
is Aga5.7Nao.3-X-l.25 and (b) nominal Aggc-X-l-O Si/Al 
which is Li95.7Nao.3-X-1.0, Both materials were dehydrated 
20 in vacuo at 450°C. 

Figure 6 shows N2 adsorption isotherm, measured 
at 25^*0, for Li^gy-X-1.0 Si/Al (Li^gy-X-1.0) zeolites 
dehydrated in vacuo at 450**C. This shows the addition of 
increasing amounts of Ag results in a change in the 
25 general aspect of isotherm toward that of the fully Ag*- 
exchanged material. 
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Flgnre 7 shows adsorption isotherm, measured 
at 25°C, for nominal Aggg-X-l.O Si/Al which is 
Ag95.7Nao.3-X-1.0 (left) and nominal Lisg-X-l.O Si/Al which 
is Li94.5Nai.5-X-l. 0 (right) . The -materials were dehydrated 
in vacuo at (a) 350^*0 and (b) 450°C. 

Figure 8 shows plots of ln(P) vs 1/T at 
different coverages for nominal Ligg-X-l.O Si/Al which is 
Li94.5Nax.5-X-1.0 (left) and nominal LigjAgi-X-l . 0 Si/Al 
which is Li94.2Nao.7Agi.i-X-1.0 (right). 

Figure 9 shows isosteric heats of adsorption of 
for nominal Ligg-X-l-O Si/Al which is Li94.sNai.s-X-l . 0 
and nominal Lig^Agx-X-l -0 Si/Al which is 

1*194. 2^30. 7Agi.i-X-l . 0 . 

Figure 10 shows N2 and O2 isotherms for nominal 
Li95Agi-X-l-0 Si/Al which is Lis^.jNao.TAgi.i-X-l . 0 dehydrated 
in vacuo at 450**C and for nominal Li96-X-1.0 Si/Al which 
is Li94^5Nai,5-X-1.0 dehydrated in vacuo at 350**C. All 
isotherms were measured at 25*C, 



wo 00/40332 FCT/VS99fl9m 

13 

Detoxled Description o£ the Preferred Embo^'i^**«»«* 

In one aspect, the invention provides type X 
zeolites comprising varying mixtures of Li and one or 
more transition metal having +1 valence state and 
5 selected from Ag (silver) , Cu (copper) , and mixtures 
thereof. The invention is demonstrated using silver. 
The experimental results show that even very small 
amounts of the +1 transition metal leads to beneficial 
results. Small amounts of Ag on the order of less than 5 

10 Ag per unit cell (UC) were very effective. The addition 
of very small amounts of Ag and the proper dehydration 
conditions resulted in the formation of silver clusters 
and enhanced adsorptive characteristics and increased 
energetic heterogeneity as compared to those of the fully 

15 exchanged Li-zeolites. The performance for air 

separation by the best of these sorbents, containing, on 
the average, only one Ag per unit cell, was con^ared to 
that of the fully Li*-exchanged zeolite using a standard 
PSA cycle by niomerical simulation. The results show that 

20 the new sorbent provides a significantly higher (>10%) 
product throughput, at the same product purity and 
recovery, when compared to that of the fully Li*- 
exchanged zeolite. 

25 Silver has been fovmd to have very strong 

effects on the adsorption characteristics of zeolites. 
The synthesis of a mixed lithium-silver (80/20) ion- 
exchanged X-type zeolite (Si/Al = 1.25 with approximately 
17 Ag* per unit cell), has been identified for possible 

30 superior properties for air separation. This sorbent 

utilized the very strong adsorptive properties of the Ag* 
ion which provided for increased capacity over that of 
the Li-X while maintaining some degree of the 
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advantageous isotherm linearity that is seen with Li-X. 
Ab inito molecular orbital calculations showed the 
adsorption of nitrogen was enhanced by weak chemical 
interaction (through a classical n-complexation bond) 
5 with the Ag* cation on the zeolite framework. 

Transition metal ions were reduced in zeolites 
for the purpose of forming highly dispersed metallic 
clusters for use as catalysts. This generally involved 
treatment at elevated temperatures and/or in reducing 

10 atmospheres (e.g., sodium vapor, hydrogen gas, carbon 
monoxide gas) . However, color changes upon vacuum 
dehydration of silver-exchanged A-type zeolites were 
found to be related to the formation of metallic clusters 
within the sodalite cage or the 6-prism of the zeolite. 

15 Using volumetric sorption techniques and ten^erature 

programmed desorption, it was possible to relate these 
color changes to an autoreductive process involving 
framework oxygens. Autoreduction is the reduction of the 
transition metal ion and the oxidation of water or 

20 lattice oxygen; this has been observed for both Ag* and 
Cu^* ions in zeolites A, X and Y, and has been shown to 
take place by two mechanisms in two clearly defined 
temperature regions: (i) autoreduction in the presence 
of zeolite water {25-250**C) (See Equation 1; and (ii) 

25 autoreduction by oxygen from the zeolite lattice (127- 
380°C) (See Equation 2) . 

While not wishing to be held to any particular 
theory, in one aspect the formation of octahedral 
hexasilver metal clusters stabilized by coordination to 
30 six silver ions ( (Ag*) g (Ag°) g) is proposed from x-ray 
structural determinations of a dehydrated silver- 
exchanged zeolite A. In another aspect, it is suggested 
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that the formation of such large metal clusters is 
improbable since color changes are seen even at low 
teii5)eratures and low silver loadings where extensive 
migration of neutral silver atoms and subsequent 
sintering into Ag^ metal clusters is highly unlikely. In 
still another aspect, based on structural studies of Ag-A 
zeolites, the formation of linear (Agj)^* charged clusters 
(Ag*-Ag°-Ag*) is thought to occur upon thermal dehydration 
of the zeolite • Color changes were followed along with 
concomitant silver cluster formation in A, X/ and Y 
zeolites using x-ray diffraction (XRD) techniques. Here, 
it was found that the number of clusters increased with 
framework Al content. It was also noted that in 
synthetic analogs of the faujasite zeolite (types X and 
Y) , the dehydrated zeolites displayed a yellow color 
which increased in intensity with the number of clusters, 
while silver-exchanged A zeolites took a yellow color 
with dehydration at low temperatures, eventually becoming 
brick red after treatment at higher temperatures. 

The present invention provides type X zeolites 
containing varying amounts of Li and along with the Li, 
one or more, of Ag and Cu. These materials are heat 
treated in a way which promotes the formation of 
intracrystalline silver clusters or copper clusters. The 
resulting adsorptive characteristics were evaluated with 
respect to the gases which are of primary interest in the 
separation of air: N2, O2 and Ar. The performance of 
the best of these sorbents was compared to that of the 
fully Li*-exchanged zeolite using a numerical simulation 
of a standard five-step PSA cycle, that is used in 
industry, and the results are given below. 
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E3^>eriJttental Section Materials 

Two type-X zeolites, differing only by the 
Si/Al ratio, were used in this work. These were: (1) X- 
type zeolite with a Si/Al of 1.0 (Praxair, #16193-42, 
sometimes referred to as LSX, low silica X-zeolite) , and 
(2) X-type zeolite with a Si/Al of 1.25 (Linde, lot 
945084060002) . Both of these materials were binderless, 
hydrated powders. 

Helium (99.995%, prepurif led) , oxygen (99.6%, 
extra dry), nitrogen (99.998%, prepurified) and argon 
(99.998%, prepurified) were obtained from Cryogenic 
Gases. All water used was deionized. 

Cation Exchange 

Since the sodium form of the zeolite exchanges 
more readily with most cations in consideration, all 
zeolites were first ion-exchanged with a solution of 
sodium chloride in order to convert to the Na* form. A 
dilute NaOH solution was used to keep the NaCl solution 
at pH « 9. This helped to prevent hydrolysis and break 
down of the zeolite crystal structure during the ion- 
exchange process. The resultant Na-zeolite was then used 
as the starting material for all other syntheses. 
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Preparation of Ll-Zeolxtes 

The lithium zeolites were prepared by 5 
consecutive static ion-exchanges using a 6,3-folci excess 
(over that necessary for full ion-exchange) of a 2.2 M 
solution of LiCl. This was done in a 0.01 M solution of 
LiOH at a pH = 9. The lithium ion-exchange solution was 
heated to a mild boil and then allowed to cool and 
settle. The solution was decanted, a fresh 6.3X LiCl 
solution was added, and the procedure was repeated for a 
total of 5 exchanges. After the final ion-exchange, the 
material was vacuum filtered and washed with copious 
amounts of deionized water until no free ions were 
present in the filter water (i.e., no AgCl precipitation 
upon treatment with Ag*) . The resulting lithitim 
exchanged zeolites were dried overnight at 100**C in a 
conventional oven before being dehydrated in vacuo prior 
to measurement of adsorption isotherms. 

Preparation of Ag-Zeolxtes 

The silver zeolites were prepared by 2 
consecutive ion-exchanges using a 0.05 M solution of 
AgNOj. Each silver solution contained a cation content 
which was double that required for 100% exchange. The 
silver ion-exchange solution was heated to a mild boil 
and immediately allowed to cool and settle. As with the 
lithium ion-exchange, the solution was decanted, fresh 
AgNOj solution was added, and the procedure was repeated 
for a total of 2 exchanges- After the second ion- 
exchange, the material was vacuum filtered and washed 
with copious amounts of deionized water until no free 
ions were present in the filter water (i.e., no 
precipitation upon treatment with CI") . The silver 
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exchanged materials were dried at room temperature and 
atmospheric conditions in a dark area. The resulting 
materials were then stored in a dark area until they were 
dehydrated in vacuo prior to analysis. 

5 Pxepara^on of Z»x,^agy-Zeoli.tes 

The Lij^gy-zeolites were prepared by ion 
exchange of a Li-zeolite (prepared as described above) 
with a 0.05 M solution of AgNOj. This silver solution 
contained a cation content which was equivalent to the 

10 targeted amount. This was possible with silver ion- 
exchange because the silver cation is quickly and easily 
exchanged. The silver ion-exchange solution was heated 
to a mild boil and immediately allowed to cool and 
settle. The resulting material was vacuxam filtered and 

15 washed with copious amoiints of deionized water. Complete 
incorporation of the targeted silver ions was verified 
when no precipitation was observed in the filtered water 
upon treatment with CI". These mixed cation materials 
were dried at room temperature and atmospheric conditions 

20 in a dark area and were stored in a dark area until they 
were dehydrated In vacuo prior to analysis. The Li^g,- 
zeolites are more accurately referred to as Li^NayAg^- 
zeolites since ion exchange is rarely exhaustive and 
there is almost always some residual Na* present in the 

25 starting Li-zeolite. 

DehYdrai;ion 

Prior to measurement of the adsorption 
isothems or uptake rates, it is necessary to dehydrate 
the zeolite sample. Zeolites have a strong affinity for 
30 water; and some molecules are tenaciously held. The 
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presence of water in the zeolite significantly affects 
the validity of the adsorption measurement. Prior to 
analysis, all samples were heated in order to remove 
water. Differential thermal analysis (DTA) of zeolite X 
demonstrated a continuous loss of water over a broad 
range of temperatures, starting at slightly above room 
temperature up to 350**C with a maximum at about 250**C. 
Specific dehydration conditions varied from sait?)le to 
sample and are given for each sample. 

CSiarac'terxza'blon 

The ion-exchanged, mixed LiAgX zeolite samples 
were analyzed for Ag and Li contents using an inductively 
coupled plasma mass spectrometer (ICP-MS, Hewlett Packard 
HP 4500) . The sanqples were first digested in 
concentrated nitric acid solution at 100°C for 20 
minutes- At the end of digestion, the samples were 
further diluted and filtered. The filtrates were 
stibjected to ICP-MS analyses. 

The adsorption isotherms were measured using a 
static volumetric system (Micrometrics ASAP-2010) . 
Additions of the analysis gas were made at volumes 
required to achieve a targeted set of pressures. A 
minimum equilibrium interval of 9 seconds with a 
tolerance of 5% of the target pressure (or 0.007 atm, 
whichever was smaller) was used to determine equilibrium 
for each measurement point. The pressure transducers in 
the ASAP-2010 are accurate to <0.2% for the pressure 
range of 0-1 atm. The sample weights were obtained using 
a digital laboratory balance which is accurate to iO.Olg. 
The isotherm measurements and the samples themselves were 
found to be highly reproducible. 
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In addition, the samples were coir^ositionally 
characterized using neutron activation analysis (NAA) in 
the research nuclear reactor of the Phoenix Memorial 
Laboratory at the University of Michigan. The samples 
5 were irradiated sequentially for one minute at a core- 
face location with an average thermal neutron flux of 
2x10" n/cm^/s. Two separate gamma-ray spectra were then 
collected for each sample with a high resolution 
germaniiam detector: one after a 13 minute decay to 

10 determine the concentrations of Al and Ag, and a second 
after a 1 hour and 56 minute decay to analyze for Na and 
K; both were for 500 seconds real time. Four replicates 
of NBS-SRM-1633a (coal fly ash) and silver foil were used 
as standard reference materials and check standards - 

15 Absorbent parameters and PSA simulation results are 
described with reference to Tables 1-3. Results of 
compositional characterization {NAA and ICP-MS) are given 
in Table 4. The unit cell compositions for those 
analyzed samples are given in Table 5. 

20 Results and Dxscsosslon 

All samples are identified according to the 
type of zeolite, the number of charge conqpensating 
cation (s) present in a \anit cell, and the Si/Al ratio. 
For exanple, Li86-X-1.25 refers to an X-type zeolite with 

25 Si/Al =1.25 which has been fully exchanged to contain 86 
Li* cations per unit cell. The sample LiseAgio-X-l . 0 
refers to an X-type zeolite with Si/Al = 1.0 which 
contains 86 Li* and 10 Ag* (or other forms of Ag) per 
unit cell. The sample Lig^.jNao.vAgi.i-X-l . 0 refers to an X- 

30 type zeolite with Si/Al =1.0 which contains, on average, 
94.2 Li*, 0.7 Na*, and 1.1 Ag* (or other forms of Ag) per 
unit cell, as determined from the neutron activation (NA) 
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and ICP-MS analyses. It should be noted that the 
zeolites herein are referred to for convenience by the 
nominal amount of Li and Ag substituted for the Ha. More 
precise values are given for each of the zeolites. For 
5 example, Ligg-X-l-O is more precisely Li^^.sNai.s-X-l .0, 
since replacement of the Na by Li is not fully 
accomplished . 

Adsorption laothexms for Folly 
Exchanged Li and Ag Zeolites 

20 Figure 2 shows the N2, O2 and Ar adsorption 

isotherms, measured at 25**C, for Ligg-X-LO 
(Li94.5Nai.5-X-1.0) after vacuum dehydration at 350^*0- This 
zeolite was used in adsorptive air separation because of 
its very high Nj capacity and very favorable NjiOa 

15 selectivity (approximately 6:1 at 1 atm) as well as its 

N2 isotherm linearity. Figure 3 shows the enhancement in 
the N2 adsorption capacity for Ligg-X-l-O (Liga.sNai.s-X-l.O) 
over that of the Li86-X-1.25 (Li77Na9X-1.25) - 

Figure 4 shows N2, O2 and Ar adsorption 
20 isotherms for Aggg-X-l-O {Ag95.7Nao.3-X-l . 0) , all measured 
at 25°C, after vacuum dehydration at 450**C for a minimim 
of 4 hours. These saic¥>les were all initially gray in 
color, but after vacutim dehydration turned to a deep 
golden yellow, indicating the formation of silver 

25 clusters. Figure 5 shows the enhancement in the N2 

adsorption capacity for Agag-X-l.O (Ag85.7Nao.3-X-l .25) over 
that of the AgBe-X-1.25 (Li85.7Nao.3-X-1.0) . While the 
fully exchanged Ag-zeolites, like their Li-zeolite 
analogs, have very high N2 capacity and favorable N2:02 

30 selectivity, they are not favorable for use in 

adsorption-based separations. Because of the strong 
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adsorption of Ng at low pressure, creating a low pressure 
"knee" in the adsorption isotherm shown in Figure 4, the 
working capacity (i.e., the AQ, the change in the 
adsorptive capacity from the typically used adsorption 
5 pressure of 1.0 to a desorption pressure of 0.33 atm) is 
very small; and the sorbent must be exposed to very low 
pressure conditions in order to increase that working 
capacity. 

Some Ag-zeolites are demonstrated to have a 
10 selectivity for Ar over Oj, The present examples and 
data reveal that the Ag-zeolites which had been 
dehydrated in vacuo at SSO^'C also showed a selectivity 
for Ar over Oj. However, the Ag-zeolites which had been 
dehydrated in vacuo at 450*'C had approximately the same 
15 adsorption capacity for Ar and O2 (as shown in Figure 4) . 

This is probably due to increased interaction between the 
charged Ag-clusters and the quadrupole moment of the O2 
molecule (whereas, the Ar has no quadrupole moment) . 

In Fxgure 2, it can be seen that the 
20 comparative lithium exchanged sodivtm zeolite is highly 
selective for the absorption of nitrogen and also 
preferentially absorbs oxygen as compared to argon. This 
is undesirable for the purification of oxygen since the 
less selectively absorbed argon will remain with the 
25 oxygen product. Turning to Figure 4, it can be seen that 
the silver exchanged sodiiim zeolite has high selectivity 
for nitrogen but is not preferentially selective for 
oxygen as con4)ared to argon. This means that the 
purified oxygen stream will not be relatively argon rich 
30 as compared to the pre-absorbed argon content. The mixed 
lithium silver zeolite of the present invention is 
adaptable for selectivity for argon as compared to 
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oxygen. This means that the lithium silver zeolite of 
the invention is most favorable for oxygen production 
because the argon will be removed along with the 
nitrogen, providing an oxygen stream after absorption 
5 which has a smaller fraction of argon. Accordingly, the 
mixed lithium silver zeolite of the invention is more 
favorable for oxygen production because it provides 
absorption of nitrogen without the disadvantage of also 
being highly selective for absorption of oxygen over 
10 argon. 

Adsorption Isotherms for Mixed Cation (Li^^Agy) Zeolites 

The Ng adsorption isotherms, measured at 25°C, 
for Li,cAgy-X-1.0 (Li^gy-X-1. 0) zeolites, after being 
vacuum dehydrated at 450°C for a minimum of 4 hours, are 

15 shown in Figure 6. These zeolites contained varying 

amounts of Ag per unit cell ranging from zero (i.e., the 
fully exchanged Ligg-X-l.O (Li^^.sNai.s-X-l. 0) sorbent) to 10 
(the LiQgAgio-X-l . 0 sample (Li73.8Na1.2Ag)). This plot 
reveals that the incorporation of only a small amount of 

20 silver changes the adsorptive properties as compared to 
the fully exchanged Ligg-X-l.O. With increasing 
additions of Ag* (and corresponding removal of Li*) the 
adsorption isotherms begin to take on more of the 
characteristics of the fully exchanged 

25 Ag96-X-1.0 (Ag95.7Nao,3-X-1.0) material (i.e., the high 
")cnee" at low pressures) . 
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Dehydratixon and Formation o£ Ag-clusters 

As mentioned earlier, zeolites have a strong 
affinity for water; and some molecules are held 
tenaciously- The zeolites must be completely dehydrated 
prior to measurement of the adsorption isotherms in order 
to guarantee the validity of the result. Importantly, it 
was found that the dehydration conditions have a very 
significant effect on the formation of silver clusters. 
The atmosphere and temperature of the dehydration were 
found to be the most important. Figure 7 shows 
adsorption isotherms for the fully exchanged Aggg-X-l.O 
(left) and the fully exchanged Ligg-X-l-O (right), both 
after vacuum dehydration at 350°C and 450°C. For the 
fully exchanged Li zeolite, there was no significant 
increase in the capacity (or in the shape of the 
adsorption isotherm) for the material dehydrated at 450''C 
over that dehydrated at 350*C. This was expected as the 
majority of the hydrate was easily removed by 250**C and 
most tenaciously held water molecules were removed by 
350**C. However, the fully exchanged Aggg-X-LO sample 
does show an increase in N2 capacity after dehydration at 
450^*0 over that of the same sanqple dehydrated at BSO^'C. 
This increase cannot be attributed a loss of water since 
all but the most tenaciously held water is removed by 
350°C; and there is no increase in the N2 capacity for 
other zeolite forms (Li*, Na*, K*, etc.) with dehydration 
at temperatures beyond 350 °C. This increase, therefore, 
was the result of the formation of silver clusters in the 
zeolite with dehydration at high temperature. 

A series of N2 adsorption isotherms were 
measured for Agsg-X-l-O and Lige-Agio-X-l . 0 after partial 
or full dehydration in vacuvmi at various temperatures. 
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The results for both zeolites showed a continual increase 
in the N2 adsorption capacity (at 1 atm) with increasing 
dehydration temperature up to about 450 to about 500°C. 
Samples which had been dehydrated in vacuum at 550**C and 
600 **C had capacities which were considerably lower 
than those dehydrated in vacuum at the 450 - 500°C range. 

It was striking that the ultimate adsorptive 
characteristics of the silver-containing zeolites were 
very dependent upon the formation of silver clusters and, 
therefore, on the dehydration conditions. Best results 
were obtained when the silver-containing zeolites were 
dried at room temperature before being completely 
dehydrated in vacuum at a temperature of at least 450°C, 
but no greater than 500 "^C. The results also showed that 
the zeolites are most preferably held at the dehydration 
temperature for a minimiam of 4 hours. 

Heat of Adsorp-klon and. £nergei:i.c Hetarogenexty 

Heterogeneity in zeolites may result from a 
number of causes. The existence of different cation 
sites is one of them. If the intra-crystalline cation 
population is mixed, sites in the vicinity of a cation 
will differ for each cation whether or not they occupy 
equivalent crystallographic positions. Further, in a 
mixed cation population the proportion of one cation to 
another may vary from one cavity to another so that the 
behavior of the cavities as multiple sorption sites may 
vary throughout the crystal . 

The presence of energetic heterogeneity of a 
sorbent can be determined by plotting the isoteric heat 
of adsorption versus the amount adsorbed. Energetic 
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heterogeneity of the system will result in a decrease in 
the isoteric heat of adsorption as the amount sorbed 
increases. For small uptakes, the isoteric heat may 
decrease rather strongly with the amount adsorbed. This 
would be an indication that there are some local 
intracrystalline positions where the guest molecules are 
preferentially sorbed more strongly than in the rest of 
the intracrystalline volume. At intermediate uptakes, 
the slope of this plot will usually decrease and become 
nearly constant. 

The measurement of adsorption isotherms at 
different temperatures permits the calculation of the 
heat of adsorption as a function of surface coverage. 
When experimental data are reported as a set of 
adsorption isotherms for a particular gas-adsorbent 
system, the differential isoteric heat of adsorption is 
determinable. The isoteric heat of adsorption is 
calculated from a series of isotherms by application of 
the Clausius-Clapeyron equation given below as Equation 
(3) . 

Using the data from nitrogen and oxygen 
adsorption isotherms measured at 50**C, 25**C, and 0**C, the 
isoteric heats of adsorption were determined by 
evaluating the slope of a plot of ln(P) versus (1/T) at 
several coverages. The plots of ln(P(,2) versus (1/T) at 
several coverages for Li96"X-1.0 and LigsAgi-X-l . 0 
(Li94.2Nao.7Agi.i-X-1.0)are shown in Figure 8. The isoteric 
heats of adsorption at different coverages were 
calculated for each of these materials and are shown in 
Figure 9. A similar analysis was also done for the 
oxygen and argon data, but these results are not shown. 
From the plots of the heats of nitrogen adsorption, shown 
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in Figure 9, one can see that the isoteric heat of 
adsorption for on LisjAgi-X-l-O is quite high 8 
kcal/mol) at low coverages, but immediately drops sharply 
to become nearly horizontal. This indicates the presence 

5 of local intracrystalline sites where the N2 is 

preferentially sorbed more strongly than at other sites 
within the intracrystalline volume. A comparison with 
the same plot of the isoteric heat of adsorption for N2 
on Lijfi-X-l.O, which is essentially horizontal, shows 

0 that the energetic heterogeneity of the LigsAgi-LSX 

zeolite is due entirely to the incorporation of the one 
Ag per unit cell. The plots of the heats of adsorption 
for O2 and Ar were horizontal with coverage, indicating 
the interaction between the silver clusters and these 

.5 guest molecules was much less than with the Nj. The 

approximately constant heat of adsorption with increasing 
coverage for the Li^g-X-l.O is consistent with expected 
results, and likely indicates an energetically 
homogeneous surface . 

'0 Cation Site Locsatlon 

For the X zeolites, the cation site 
designations are conventionally designated as SI (the 
center of the hexagonal prism), SI' (opposite SI but 
located in the cubooctahedron) , SII (single six-ring in 
25 the supercage) , SII' (opposite SII but inside the 

cubooctahedron) , and SIII (near the four-ring windows in 
the supercage) . 

Several studies have been undertaken in order 
to locate extra framework Li* cations in X, Y and A 
30 zeolites using solid state NMR and neutron diffraction 

methods. It was found that the Li* ions fully occupy all 
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32 SI* sites and all 32 SIX sites. The SIII sites were 
then occupied with the remaining Li* ions^ 22 for Ligg-X- 
1.25 and 32 for Ligg-X-l.O. No occupancy of the SI sites 
was observed. One report noted an occupancy "threshold" 
of 64 Li cations. Mixed Lij^Nay-X zeolites which 
contained Li* less than this threshold amoiint did not 
show any increase in the adsorption capacity over that 
of the fully Na*-exchanged samples. This indicated that 
only those Li* ions located in the SIII cation sites were 
interacting with the molecules. This result is 
interesting because, even though the SI and SI' sites are 
sterically inaccessible to the N2 molecules, the SII 
sites are not; while other cations, such as Ca*^, do 
interact with N2 when located in the SII positions. 

In order to identify the location of Ag* ions 
and Ag-clusters, typically x-ray diffraction methods and 
far-infrared spectroscopy were used. It was found that, 
for dehydrated fully Ag*-exchanged f aujasite-type 
zeolites, the silver atoms /ions were distributed among 
the six-ring sites (SI, SI', and SII for type X) and, for 
samples with high Al content, in the SIII locations. 
There is also the simultaneous occupancy of sites SI and 
SI' by linear {Ag*-Ag°-Ag*) clusters. In general, it 
appears that the Ag atoms/ions preferred the SI and SI* 
sites. 

.While it appears that the Ag* ions prefer SI 
and SI' locations, it is also known that the Li* ions 
also strongly prefer the SI* sites. A specific study to 
identify the location of Li* and Ag* cations mixed Li^^gy- 
zeolites has not yet been done. While not wishing to be 
held to any particular theory, it is thought that both of 
these sites are sterically inaccessible to the N2 and O2 
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molecules. Therefore, the fonnation of silver clusters 
in these locations may not have a strong effect on the 
overall adsorptive characteristics of the mixed Lij^Agy-X 
zeolites. Therefore, it is expected that the clusters, 
5 in these mixed cation zeolites, are instead formed at the 
N2 and O2 accessible SII and/or SIII locations due to 
competition with the Li* cations for the preferred SI and 
SI' locations. Logically, Ag-cluster formation at the 
SII sites would most enhance the adsorptive 
10 characteristics of mixed Li^^gy-X zeolites since these 

sites have been shown to be non-interactive when occupied 
with Li* ions. The location of Ag in mixed Na^^gy-A 
zeolites was investigated and it was found that the Ag 
ions prefer six-ring sites (such as the SI, SI' and SII 
15 in the X zeolites) . This may indicate a preference for 
the SII sites in type X zeolites when the SI and SI* 
sites may be unavailable (due to competition with Li*) . 
Another possibility is that the Ag clusters were formed 
at the SI-SI' sites, and due to the strong field gradient 
20 that is generated by Ag*, enhanced interactions with the 
N2 molecules is still possible. This possibility would 
account for the fact that 1 Ag per unit cell resulted in 
the optimal sorbent because each Aga^* cluster was shared 
by three supercage cavities. 

25 The Hatnre of the Interaction 

The total energy of physical adsorption (|)t, is 
the result of the interactions between the adsorbate 
molecules and interactions between the adsorbate 
molecules and the zeolite cavity wall. The (J)^ is 
30 comprised of dispersive (D) , repulsive (R) , polarization 
(P), field-dipole (FD) interactions, field-quadruple (FQ) 
interactions, and adsorbate-adsorbate energies and can be 
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written as per Equation (4). The adsorbates of interest 
in this evaluation (N2, O2 and Ar) do not have permanent 
dipoles; and the coverages are low. Therefore, the 
field-dipole and adsorbate-adsorbate interactions can be 
ignored and Equation 4 can be reduced to Equation (5) . 
Because the and O2 molecules are very similar in size 
and have comparable polarizabilities, the dispersive, 
repulsive and polarization energies between the adsorbate 
and the extra-framework cations are very similar. The 
quadruple moment of the N2 molecule is approximately four 
times that of the O2 molecule and is primarily 
responsible for the difference in the adsorptive capacity 
for N2 over that of O2. Argon, which does not have a 
quadruple moment, is more affected by the polarization 
energy; and for most zeolites, the Ar capacity is about 
the same as that of O2. 

The very high heat of binding of the N2 
molecules at very low pressures is probably due to very 
high electrostatic fields near the exposed charged Ag- 
clusters and their interaction with the quadruple moment 
of the N2 molecule. However, because there is also an 
increase in. the adsorption of argon, which does not have 
a quadruple moment, these charged clusters must also 
contribute to the total energy of physical adsorption by 
increased van der Waals and field-induced dipole energies 
and could possibly have a highier polarizing power than 
that of isolated silver cations. 

Physical adsorption, however, is likely not the 
only contribution to N2 adsorption in silver-containing 
zeolites. Given the high isoteric heat of adsorption for 
N2 on Ag86-X-1.25 zeolites combined with a relatively slow 
desorption of N2 on the same, some degree of weak n- 
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complexation is likely present. The n-complexation 
character of the interaction was confirmed by ab initio 
molecular orbital calculations using and Ag-X cluster 
model. This n-complexation character is also referred to 
as being weak chemisorption-assisted adsorption. 

PS& Cycle Descxxp'tion 

A standard five-step PSA cycle as is presently 
used in industry for air separation was used in this 
study. See U.S. Patent No. 5,074,892, Levitt, 
incorporated herein by reference in its entirety. The 
steps involved in each cycle are as follows: (step I) 
pressurization with the feed gas, namely 22% 0^ (mixture 
of O2 and Ar) and 78% Nj; (step II) high pressure 
adsorption with the feed gas, or feed step; (step III) 
co-current depressurization; (step IV) countercurrent 
blowdown; and (step V) countercurrent low pressure purge 
with the product of the feed step (oxygen) . 

All the above steps were of equal duration (30 
seconds); thus the time required for the completion of 
each PSA cycle was 2.5 minutes. The model assumed only 
two adsorbable components, O2 and Nj. The oxygen 
component (22%) was actually a mixture of and Ar which 
have very similar adsorption isotherms for the sorbents 
of interest. The product of each cycle was comprised of 
a volumetric mixture of the output stream of the feed 
step and the co-current depressurization step. A portion 
of this product stream was used to purge the bed 
count ercurrently in step V. 

In order to compare the performance of the 
LIss-X-l.O and the LIssAgi-X-l .0 sorbent developed in this 
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work, the product throughputs of the two sorbents were 
studied under two different cycle conditions using 
computer simulations. In order to facilitate a fair 
con?>arison of the sorbent performance, the cycle 
5 conditions were optimized such that the product purity 

and product recovery obtained were the same for both the 
sorbents in each respective simulation run. In this 
work, the product purity, product recovery and product 
throughput are defined as per Equations (6), (7), and 
10 (8). 

The mathematical model and the numerical method 
used for the PSA simulations in this work will be 
explained to the extent necessary for fundamental 
understanding. The basic assumptions are as follows. 
15 The model used assumed the flow of a gaseous mixture of 
two components in a fixed bed packed with spherical 
adsorbent particles. The bed is considered to be 
adiabatic and diffusional resistance is assumed to be 
negligible since the diffusion of O2 and N2 in the 
20 adsorbents is essentially instantaneous, as observed in 

this study. Thus, there is local equilibrium between the 
gas and the. solid phase of each gas con?>onent. Axial 
dispersion for mass and heat transfer is assumed but 
dispersion in the radial direction is taken to be 
25 negligible. 2^ial pressure drop is neglected and ideal 
gas law is assumed to hold since pressures involved are 
near atmospheric. Also the gas is assumed to have 
constant viscosity and heat capacity. 
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The pure component equilibrium amounts adsorbed 
on the respective adsorbents were fit using the well- 
known Langmuir isotherm with temperature dependent terms. 
The equilibrium loading under mixture conditions were 
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then predicted by the extended Langmuir equation in the 
simulation model as per Equation (9) . The temperature 
dependence of the Langmuir parameters is assumed to be as 
per Equation (10) . The values of the Langmuir equation 
5 terms for Li,e-X-1.0 (Li,,.5Nai.5-X-1.0)and Li,5Agi-X-1.0 

(Li„.3Nao.7Ag,.i-X-1.0) sorbents, as well as the heats of 
adsorption are given in Table 1. Additional background 
of general interest, and not necessary to understanding 
of the invention may be found in Ind. Eng. Chem. Res. 36, 
10 5358 (1997) . 



Sinmla'ti.on Results 

The PSA bed characteristics and the operating 
conditions used are summarized in Table 2. The PSA cycle 
parameters were chosen as close to industrially 
15 acceptable values as possible. The pressure ratio, which 
is the ratio of the feed pressure (Pg) to the desorption 
pressure (PJ , is an important operating characteristic 
and it has been shown that a value of 3 suffices for an 
optimal PSA performance using the Lisg-X-l-O sorbent. 
20 The same pressure ratio was employed for the comparison 
of the Li,6-X-1.0 (Li,4.5Nai.5-X-1.0) and Li^sAgi-X-l-O 
(Li„.2Nao.,Agi.i-X-1.0) sorbents in this work. Hereafter 
below, the nominal formulas Lijg-X-l.O and LisjAgx-X-l . 0 
are referred to. As can be seen from Table 3, run 1 had 
25 a feed pressure of 1.0 atm while run 2 was carried out at 
a higher feed pressure of 1.2 atm. The co-current 
depressurization pressure, feed velocity and purge 
velocity were optimized so as to obtain the same product 
purity and recovery for both the sorbents. As seen from 
30 the O2 and N2 isotherms in Figure 10, the LisjAgi-X-l.O 

sorbent has a higher capacity for N^. From the extended 
Langmuir isotherm (Equation 9), it follows that the 
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higher N2 loading further suppresses the Oj loading under 
mixture conditions, and as a result the working capacity 
of the Lig^Agi-X-l.O sorbent further increases. Hence the 
amount of bed utilization (or the depth of propagation of 
5 the N2 wavefront in the bed) of the LigsAgj-X-l . 0 sorbent 
was deeper than that of the Ligg-X-l.O sorbent under 
identical cycle conditions* The higher capacity of the 
LigsAgi-X-l.O sorbent could be exploited by employing 
higher feed throughputs and lower co-current 

10 depressurization pressure without significantly lowering 
product purity and recovery. An in^ortant advantage of 
the higher capacity of the Li^jAgi-X-l.O sorbent was a 
higher product throughput compared to that of the Li^g-X- 
1.0 sorbent when the other performance parameters (i.e., 

15 product purity and recovery) were kept the same. 

However, the heats of adsorption of the two conqponents on 
the Lig^Agi-X-l.O sorbent were also higher than those on 
the Li<»6-X-1.0 sorbent. Severe temperature rise during 
" - - adsorption adversely af f ect3 . PSA separation performance - 

20 Hence a PSA simulation run became necessary to critically 
evaluate the importance of higher loading in case of 
Lig^gi-X-l.O sorbent and the accompanying heat effects* 

The results of the simulation runs are shown in 
Table 3. It can be seen from run 1 (feed pressure: 1 

25 atm) , the O2 product throughput obtained by using Li^gAgi- 
X-1.0 sorbent was 5.4x10"^ kg Oj/h/kg-sorbent compared to 
the throughput of 4.8x10"^ kgOz/h/kg-sorbent of fered by 
the Ligg-X-l.O sorbent. The corresponding O2 product 
purity and recovery were approximately 96% and 62% 

30 respectively. There is an improvement of 12.5% in the 
product throughput which translates into considerable 
savings in capital and operating costs since a higher 
product throughput implies a smaller bed requirement for 
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the same desired production. Another run was done at a 
different feed pressure of 1.2 atm with the cycle 
conditions optiinized to produce O2 product at 90.7% 
purity and 78% recovery. In this case as well, the 
product throughput of the LigsAgj-X-LO sorbent was found 
to be higher {IxlQ-^ kg Oz/h/kg-sorbent) , compared to that 
of the Lige-X-l.O sorbent (S.BxlQ-^ kg Oj/h/kg-sorbent) . 
Thus, the product throughput of the LigjAgi-X-l - 0 sorbent 
is higher by 11% even at a lower O2 product purity 
requirement. The values of the throughputs obtained in 
these experiments were found to have an order of 
magnitude agreement with those for Ligg-X-l.O sorbent. 
From the simulated bed profiles, it was observed that 
temperature deviations from the feed temperature of ZS'^C 
due to the adsorption heat effects were about 17**C for 
the LigjAgi-X-l . 0 sorbent while it was only 12**C for the 
Li^g-X-l-O sorbent. However, from the results it appears 
that the advantage of higher N2 loading on the LigsAgi-X- 
1.0 more than compensates the lowering of PSA performance 
due to higher heat effects. It is evident from the 
previous two examples that the LigsAgj-X-l. 0 sorbent is 
superior to the Lijc-X-l.O sorbent for air separation by 
PSA. 



wo 00/40332 



PCr/US99/2^ 



36 

Notation 

b - Langmuir paraimeter, atm"^ 

= Axial dispersion coefficient in adsorbent 
particles, m^/s 
5 AH = Heat of adsorption, kcal/mol 

= Langmuir temperature dependence constant, 
mmol/g 

kg, k4 = Langmuir temperature dependence constant, 
K 

10 kg = Langmuir temperature dependence constant, 

atm"^ 

p = Partial pressure, atm 

p = Total pressure, atm 

q^^ = Langmuir parameter, mmol/g/atm 

15 q* = Equilibrium adsorbate loading, mmol/g 

T = Temperature, K 

U = Interstitial gas velocity, m/s 

Subscripts 

CD = Intermediate pressure corresponding to the 

20 co-current depressurization step 

H ~ Corresponding to the feed step 

i = Species 'i* 

j ^ k = Gas phase component index 

L = Low pressure corresponding to purge step 
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(D autoredt^don in presence of zeolite water (25 - 2^rC) 
2(Ag*-Z-a) + HjO-— > 2Ag» + (iy2)Pi + 2Z-OH 



00 aiztoiediiction by oxygen fiom the zeolite ha^ 
2(Ag*.Z-0-) — > 2Ag» + (1)2)02 + Z-0- + r 



(1) 



(2) 



(4) 



(S) 



SUBSTITUTE SHEET (RULE 26) 
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prodtKtpnmy = (aaoant of Ozfio m steps n and nn 

(amount ofN2 and 02 from steps n and ni) W 



(02&omsttpsna»din) - (OlosedinsieoV) _ 

proouLX leujvey = —————— 

^ fed in step I and step IQ 



pnxhwtbrougiipm * (anoma of 02 produced per boor fka/hr^^ 
(anumm of adsorbent used in ifae bed (kg)) 



(8) 



«&= S k = U (9) 

1+IbjPj 



q„ = k^exp(k/r) and bskjCxpOc/T) (lo) 



SUBSTITUTE SHEET (RULE 26) 
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The examples above demonstrate new methods for 
separating nitrogen from a mixture , and more specifically 
for accon^jlishing nitrogen separation from an air mixture 
using new and improved adsorbents. The zeolites of the 
invention,, as demonstrated above, are lithium-based 
zeolites with silver cation or copper cation present at 
at least some of the exchangeable cationic sites. The 
presence of the exchanged cation at any of the sites 
demonstrated improved performance for adsorption over the 
non-exchanged zeolites. Without wishing to be held to 
any particular theory, it is believed that the lithium- 
based silver and copper exchanged zeolites of the 
invention achieve selective adsorption of nitrogen 
enhanced by weak chemical interaction through a type of 
pi-coinplexation bond. The effectiveness is clearly 
demonstrated in .the above examples using the Ag* cation 
and the same results are obtainable with the Cu* cation. 
The Ag* ion and Cu* ion have the same electronic 
structure. That is, in the outer shell orbitals, the s- 
orbital (5s for Ag and 4s for Cu) is empty, whereas the 
d-orbitals (4d for Ag and 3d for Cu) are filled (with 10 
electrons) . This unique electronic structure is the 
reason that they can form the pi-complexation bonds with 
molecules that contain pi-electrons, such as olefins. 
For example, Ag* and Cu"^ have the same adsorption 
properties for olefins. Furthermore, Ag* in the AgX 
zeolite can also form pi-complexation with nitrogen (N2) 
molecules because N2 has a triple bond. Based on these 
two observations, it is evident that CuX zeolite forms 
pi-coicqplexation with N2 molecules. 

As mentioned above, the X-zeolite unit cell can 
be represented by (AlOj) 96 (SiOz) ge* There are 96 charges 
to each unit cell. The X zeolites, usable for the 
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invention, are not limited to this formula and may range 
from Si/Al ratio of about 1 to about 1.3. In one aspect 
the LSX zeolite having Si/Al ratio of about one, is 
preferred. In one aspect, the unit cell contains the 
preferred Li and Ag* or Cu* ions and has the formula 
LixM*^y (AIO2) 96(Si02 ) 96 where M*^ is selected from Ag* and Cu* 
and mixtures thereof. In one preferred embodiment, the 
adsorbent is represented by this formula, 
LijfM^^ylAlOz) 96 (3102)96/ where y is in a range of about 0.5 
to about 10 and x{Li) is 96-y. However, the invention is 
not limited to Si/Al =1. As stated earlier, the ratio 
of Si/Al may, range from about 1 to about 1.3, with good 
results using such Ag* and Cu* substituted lithium-based 
zeolites. 

As stated earlier, some amount of other alkali 
metal (A*) and alkaline metal (Z*^) may also be included, 
as represented by the formula Li^*^yZ*^aA*^b(A102)96(Si02>96. 
Here, the total positive charge for the cations Li, M, Z 
and A is 96; 

x+y+2a+b = 96. The atomic portion of M is desirably less 
than 20, and preferably less than or equal to 10; and the 
portion of Li is desirably greater than 70 and preferably 
greater than 80. The atomic portion of cationic sites 
occupied by other metals {Z, A) is less than that 
occupied by Li. In any case, the largest number of 
cationic sites is occupied by Li; then after Li, by Ag or 
Cu, and by Z and/or A, if any. 

While this invention has been described in 
terms of certain embodiments thereof, it is not intended 
that it be limited to the above description. 
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What Is Claimed Is: 

1. A composition comprising lithixim (Li) and 
metal (M) cation exchanged zeolite where said cation 
exchanged zeolite is selected from the group consisting 
of LiJ4yX zeolite, Li^SX zeolite and where said metal 
(M)is silver or copper and is in the form of dispersed 
clusters, x is greater than y, the sum of x + y is less 
than or equal to the nvmiber of cation sites of said 
zeolite, and y is greater than zero. 

2. The composition of claim 1 wherein M is 
silver presented in an atomic amount corresponding to up 
to about 20% of the cation sites. 

3. The composition of claim 1 wherein M is 
silver presented in an atomic amount corresponding to up 
to about 10% of the cation sites. 

4. The composition of claim 1 wherein the 
total number of said cation sites is 96, and Y is up to 
20. 

5. The composition of claim 1 wherein the 
total number of said cation sites is 96 and Y is up to 
10. 

6. The composition of claim 1 which is cation 
exchanged sodium zeolite where sodium is present in an 
atomic amount less than said silver. 

7. The composition of claim 6 wherein the 
total nimber of cation sites is 96, lithium is present in 
an atomic amount greater than 70 and less than 96 atomic 
units, silver is present in an atomic amount greater than 
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0 and. up to about 20 atomic units, and sodium is present 
in an atomic amount less than silver, 

8. The composition of claim 1 wherein said 
clusters consist of partially metallic silver. 

9. The composition of claim 8 wherein said 
clusters consist of n atoms of metal (M) collectively 
having a charge represented by the value n-1. 

10. The composition of claim 9 wherein said 
clusters consist of 3 atoms of metal (M) collectively 
having a +2 charge, or 6 atoms of metal (M) collectively 
having a +5 charge. 

11. The composition of claim 1 wherein said 
clusters consist of one selected from the group 
consisting of partially metallic copper and partially 
metallic silver. 



12. The composition of claim 1 wherein M is 
copper present in atomic amount corresponding to up to 
about 20% of the cation sites. 



13. The composition of claim 1 wherein M is 
copper present in an atomic amount corresponding to up to 
about 10% of the cation sites. 

14. The composition of claim 1 which is cation 
exchanged sodium zeolite where sodium is present in an 
atoxaic amount less than said copper. 

15. The con^osition of claim 14 wherein the 
total number of cation sites is 96, lithium is present in 
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an atomic amount greater than 70 and less than 96 atomic 
units, copper is present in an atomic amount greater than 
0 and up to about 20 atomic units, and sodium is present 
in an atomic amount less than copper. 

16. A process for selectively adsorbing 
nitrogen from a gas mixture thereof which comprises 
contacting said gas mixture with an adsorbent which 
comprises lithium (Li) and metal (M) cation exchanged 
zeolite where said zeolite is selected from the group 
consisting of Li,^ X zeolite and Lijiy LSX zeolite, and 
where said metal (M) is silver or copper and is in the 
form of dispersed clusters, x is greater than y, the sum 
of x+y is less than or equal to the cation sites of said 
zeolite, and y is greater than 0. 

17. The process of claim 16 wherein said 
zeolite is a lithium and silver exchanged sodium zeolite, 
said method further comprising contacting said gaseous 
mixture with said zeolite at a selected temperature and 
pressure, thereby producing a non-adsorbed congjonent and 
a nitrogen-rich adsorbed component; and changing at least 
one of said pressure and teii?>erature to thereby release 
said nitrogen-rich component from said adsorbent. 

18. A process for preparing a composition 
comprising lithium and metal (M) cation exchanged zeolite 
where M is in the form of dispersed clusters associated 
with a plurality of said cation exchanged sites, said 
method con^rising the steps of: 

a. providing a sodium zeolite selected from 
the group consisting of Na-X zeolite and Na-LSX zeolite; 

b- exchanging a plurality of Na^* ions with 

Li^* ions; 
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c. exchanging a portion of said Li^* ions with 

M^* ions; 

d. heat treating the M^* exchanged zeolite of 
step (c) at a temperature of greater than about 400 
degrees centigrade in a non-oxidizing atmosphere to 
reduce a portion of said M- ions to M«», thereby forming 
said dispersed clusters. 

19. The process of claim 18 wherein in step 
(c) M'* is Ag'\ and step (d) is conducted at a 
temperature in a range of about 450° to about 500°C. 

20. The process of claim 18 wherein M^* is Cu*^ 
and step (c) is conducted by first exchanging Li^* ions 
with Cu^* ions and then reducing said Cu^* ions to Cu»* 
ions. 

21. The process of claim 18 wherein in step 
(d) the non-oxidizing atmosphere is an inert atmosphere, 
reducing atmosphere, or a vacuum. 
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Figure 1. 



Iftiit of feujasite-type (X and Y) zeolites mchiding cation sites. 
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